Alzheimer's Disease (AD) is the most common cause of dementia, and its characteristic histopathological hallmarks are neurofibrillary tangles and senile plaques. Among involved mechanisms, oxidative stress plays an important role in damaging cell components (e.g., proteins, nucleic acids). In this study, different oxidized products of proteins and DNA were determined in the urine samples from mild cognitive impairment due to AD patients (n = 53) and healthy controls (n = 27) by means of ultra-performance liquid chromatography-tandem mass spectrometry analysis. A multivariate model developed by partial least squares generated a diagnostic model for AD with an AUC-ROC (area under the curve-receiver operating characteristic) of 0.843. From the studied analytes, 8-OHdG (8-hydroxy-2'-deoxyguanosine) and the ratio 8-OHdG/2dG (2'-deoxyguanosine) were able to distinguish between AD and healthy participants, showing statistically significant differences between groups, postulating DNA oxidation as a molecular pathway involved in early AD.
Introduction
Alzheimer's disease (AD) is a progressive neurodegenerative disease characterized by neuronal cell loss and accumulation of proteins forming neurofibrillary tangles (NFT) and amyloid fibers in the senile plaques. The main clinical symptoms are cognitive impairment, memory loss, and physical deterioration [1] . Regarding the pathological pathways that may be involved in AD, oxidative stress plays an important role since it is related to neuronal degeneration [2, 3] . In fact, these conditions could lead to oxidative damage of cellular components (lipids, proteins, nucleic acids), and so damaging cellular functions [4, 5] . Therefore, the accumulation of these oxidized biomolecules could be involved in the development of AD [4] . In spite of the high evidence of protein impairment in AD, few studies have focused on the oxidative damage to nitrogenated compounds [6] .
There is large evidence showing that the brain is particularly vulnerable to oxidative stress because of its low levels of antioxidants (glutathione) and high metabolic utilization of oxygen [2, 7] . Specifically, this damage is related to an increase in the levels of lipid peroxidation compounds, oxidized proteins (3-nitrotyrosine (3-NO2-Tyr), protein-bound carbonyls) ( Figure 1 ), and nucleic acids (8-hydroxy-2'-deoxyguanosine (8-OHdG), 8-OH-guanosine) [2, [8] [9] [10] . Studies have reported that nitration and carbonylation can alter protein functionality. Also, the increased levels of 3-NO 2 -Tyr have been linked to inflammation and apoptosis in pathological conditions [11, 12] . Other oxidation products are 3-chlorotyrosine (3-Cl-Tyr) (Figure 1d ), and the isomers ortho-tyrosine (o-Tyr) and meta-tyrosine (m-Tyr) (Figure 1a,b ). All of these products are considered markers of nitrosative or oxidative damage to proteins [13] . Regarding DNA oxidative damage, 8-OHdG results from the hydroxylation of the free base 2 -deoxyguanosine (2dG) (Figure 1e ), and it is a widely accepted biomarker of DNA damage [5, 14] . and meta-tyrosine (m-Tyr) (Figure 1a,b ). All of these products are considered markers of nitrosative or oxidative damage to proteins [13] . Regarding DNA oxidative damage, 8-OHdG results from the hydroxylation of the free base 2'-deoxyguanosine (2dG) (Figure 1e ), and it is a widely accepted biomarker of DNA damage [5, 14] . Several studies have measured the levels of these products in biological fluids and tissues, such as blood, urine, cerebrospinal fluid (CSF), and brain [1, [7] [8] [9] [10] [15] [16] [17] . Regarding the analytical methods, they are mainly based on high-performance liquid chromatography (HPLC) coupled with electrochemical detection (EC) or mass spectrometry, enzyme-linked immunosorbent assay (ELISA) and other immunoassays, 2,4-dinitrophenylhydrazide (DNPH) assay, and spectrophotometry. Several groups reported increased levels of 3-NO2-Tyr in CSF [8, 10, 15, 16] and plasma [10, 17] from patients with mild cognitive impairment due to AD (MCI-AD) compared to control subjects. Likewise, protein carbonyls determined in peripheral blood by immunoassays [17] and spectrophotometry showed increased levels in AD patients [1, 9] . For DNA oxidation, data showed an increase in the plasma levels of 8-OHdG in AD patients [18, 19] , suggesting that this oxidized product might be used as an AD diagnosis marker.
To our knowledge, this is the first study carried out to determine nine proteins and DNA oxidative damage biomarkers in urine samples from well-defined early AD patients rather than frank AD patients, using a validated analytical method based on liquid chromatography coupled to tandem mass spectrometry. The aim of this study was the assessment of oxidative stress damage to protein and DNA as potential early mechanisms in AD development. For this, a panel of biomarkers for DNA Several studies have measured the levels of these products in biological fluids and tissues, such as blood, urine, cerebrospinal fluid (CSF), and brain [1, [7] [8] [9] [10] [15] [16] [17] . Regarding the analytical methods, they are mainly based on high-performance liquid chromatography (HPLC) coupled with electrochemical detection (EC) or mass spectrometry, enzyme-linked immunosorbent assay (ELISA) and other immunoassays, 2,4-dinitrophenylhydrazide (DNPH) assay, and spectrophotometry. Several groups reported increased levels of 3-NO 2 -Tyr in CSF [8, 10, 15, 16] and plasma [10, 17] from patients with mild cognitive impairment due to AD (MCI-AD) compared to control subjects. Likewise, protein carbonyls determined in peripheral blood by immunoassays [17] and spectrophotometry showed increased levels in AD patients [1, 9] . For DNA oxidation, data showed an increase in the plasma levels of 8-OHdG in AD patients [18, 19] , suggesting that this oxidized product might be used as an AD diagnosis marker.
To our knowledge, this is the first study carried out to determine nine proteins and DNA oxidative damage biomarkers in urine samples from well-defined early AD patients rather than frank AD patients, using a validated analytical method based on liquid chromatography coupled to tandem mass spectrometry. The aim of this study was the assessment of oxidative stress damage to protein and DNA as potential early mechanisms in AD development. 
Results

Demographic and Clinical Variables
The participants of the study were classified into control (n = 27) and case (n = 53) groups. The criteria used to classify the participants were based on the following variables: neuropsychological tests, such as repeatable battery for the assessment of neuropsychological status (RBANS) [20] , functional activities questionnaire (FAQ) [21] , clinical dementia rating (CDR) [22] , depression, and CSF biomarkers (t-tau, p-tau, amyloid β) [23, 24] . Also, other demographic variables were registered (gender, age, educational level, treatment, comorbidity, alcohol consumption, tobacco consumption) (see Table 1 ). As expected, the CSF biomarkers levels (t-tau, p-tau, β amyloid) and the neuropsychological tests showed significant differences between groups. Age and gender showed statistically significant differences between groups. The control group showed higher educational studies compared to the case group. No significant differences were observed regarding treatment, comorbidity, depression, and tobacco or alcohol consumption. FAQ (scores, mean ± SD) 6 (2.5-12) 0 (0-0) 0.000 IQR: inter-quartile range; GDS: Geriatric Depression Scale; * Biochemical determinations (β-amyloid, t-Tau, p-Tau) were carried out by Innotest Elisa kit (Fujirebio Diagnostics, Ghent, Belgium) using a fully automated system (Lumipulse G, Fujirebio). Impaired levels: β-amyloid < 700 pg mL −1 , t-Tau > 400 pg mL −1 , p-Tau > 85 pg mL −1 .
Determination of Oxidation Biomarkers in the Urine Samples
The PLS model allowed a preliminary study of correlations between predictor variables (biomarkers levels) and the response variable (group), as well as good discrimination between participants. In this model, 16 independent variables (nine individual biomarkers, five biomarker ratios, age, and gender) were spatially distributed in order to enhance the separation between the two participant groups (0 = control, 1 = MCI-AD). In the loading plots (Figure 2a ), we observed that 8-OHdG and 3-I-Tyr levels correlated with age and gender. This suggested that these variables varied together and increased also with age. Besides, the levels of m-Tyr/Phe showed an inverse correlation with 2-dG, not explaining the differences between groups. In addition, a correlation between 3-NO 2 -Tyr, Phe, and p-Tyr was observed. The scores plot showed a satisfactory separation between the participants' groups ( Figure 2b ). In this sense, the case group showed higher levels of 8-OHdG and 8-OHdG/2-dG, while the control group showed higher levels of 3-Cl-Tyr, m-Tyr, and 3-NO 2 -Tyr/p-Tyr. RBANS.DM (scores, mean ± SD) 44 (40-58) 100 (88-106) 0.000 FAQ (scores, mean ± SD) 6 (2.5-12) 0 (0-0) 0.000 IQR: inter-quartile range; GDS: Geriatric Depression Scale; * Biochemical determinations (β-amyloid, t-Tau, p-Tau) were carried out by Innotest Elisa kit (Fujirebio Diagnostics, Ghent, Belgium) using a fully automated system (Lumipulse G, Fujirebio). Impaired levels: β-amyloid < 700 pg mL −1 , t-Tau > 400 pg mL −1 , p-Tau > 85 pg mL −1 .
The PLS model allowed a preliminary study of correlations between predictor variables (biomarkers levels) and the response variable (group), as well as good discrimination between participants. In this model, 16 independent variables (nine individual biomarkers, five biomarker ratios, age, and gender) were spatially distributed in order to enhance the separation between the two participant groups (0 = control, 1 = MCI-AD). In the loading plots (Figure 2a ), we observed that 8-OHdG and 3-I-Tyr levels correlated with age and gender. This suggested that these variables varied together and increased also with age. Besides, the levels of m-Tyr/Phe showed an inverse correlation with 2-dG, not explaining the differences between groups. In addition, a correlation between 3-NO2-Tyr, Phe, and p-Tyr was observed. The scores plot showed a satisfactory separation between the participants' groups ( Figure 2b ). In this sense, the case group showed higher levels of 8-OHdG and 8-OHdG/2-dG, while the control group showed higher levels of 3-Cl-Tyr, m-Tyr, and 3-NO2-Tyr/p-Tyr. In order to confirm the results obtained from the multivariable analysis of biomarkers panel, a univariate statistical analysis was carried out with SPSS statistics. The levels of each analyte were compared between the groups using the Mann-Whitney test. Urine levels of 8-OHdG were higher among the MCI-AD patients compared to the healthy participants (Table 2) , as well as the ratio 8-OHdG/2dG ( Figure 3 , Table 2 ). Thus, the results showed that the medians for 8-OHdG (p = 0.000) and 8-OHdG/2dG (p = 0.019) were significantly different between control and MCI-AD groups (Table 2, Figure 3 ). No statistically significant differences were observed for the other compounds. In addition, 8-OHdG, 3-NO 2 -Tyr, p-Tyr, and Phe showed statistically significant differences between male and female groups, and the 8-OHdG/2-dG ratio correlated with age. For this reason, we included age and gender as co-variables in the multivariate model. We performed a receiver operating characteristic (ROC) curve analysis to estimate the diagnostic potential of this panel of oxidative biomarkers in AD (biomarkers panel). Taking into account all the analytes, gender, and age, the area under the curve (AUC) was 0.843 (0.750-0.936) (p = 0.000) ( Figure  4 ). The diagnostic indices calculated for this diagnostic test are summarized in Table 3 . It showed a sensitivity of 78.4% and a specificity of 85.2%. Its positive predictive (PPV) and negative predictive values (NPV) were 90.9% and 67.6%, respectively, and its positive likelihood ratio (LR+) and negative likelihood ratio (LR−) were 5. We performed a receiver operating characteristic (ROC) curve analysis to estimate the diagnostic potential of this panel of oxidative biomarkers in AD (biomarkers panel). Taking into account all the analytes, gender, and age, the area under the curve (AUC) was 0.843 (0.750-0.936) (p = 0.000) ( Figure 4 ). The diagnostic indices calculated for this diagnostic test are summarized in Table 3 . It showed a sensitivity of 78.4% and a specificity of 85.2%. Its positive predictive (PPV) and negative predictive values (NPV) were 90.9% and 67.6%, respectively, and its positive likelihood ratio (LR+) and negative likelihood ratio (LR−) were 5. 
Discussion
There is strong evidence of oxidative stress being involved in the pathogenesis of AD since the brain is particularly vulnerable to the oxygen radicals and reactive oxygen species (ROS). In addition, some studies showed that these biochemical differences could be observed in peripheral tissue, such as blood samples [25, 26] , and urine, saliva, and hair samples [27] . Specifically, some studies have 
There is strong evidence of oxidative stress being involved in the pathogenesis of AD since the brain is particularly vulnerable to the oxygen radicals and reactive oxygen species (ROS). In addition, some studies showed that these biochemical differences could be observed in peripheral tissue, such as blood samples [25, 26] , and urine, saliva, and hair samples [27] . Specifically, some studies have found increased oxidation product levels (inflammatory markers, oxidized proteins, lipid peroxides, glycated proteins) in CSF, serum, and plasma samples from AD patients compared to age-related controls [1, [7] [8] [9] [10] [15] [16] [17] [18] [19] . However, there is an increased need to find a set of specific and reliable markers that can be measured in peripheral fluids, such as urine or plasma, and maybe potentially used as markers for AD diagnosis, even though these findings may not be a reflection of the amyloidosis state.
The present study was conducted to determine oxidative peripheral biomarkers and include elderly patients with MCI-AD and normal elderly subjects, in order to determine if oxidative products of proteins and DNA can be used as early peripheral AD biomarkers. Our results showed a significant difference between groups for 8-OHdG and the ratio 8-OHdG/2-dG ( Table 2 ). In fact, 8-OHdG is a significant marker of DNA oxidative damage, and the ratio 8-OHdG/2-dG reflects the oxidation as a function of the not hydroxylated free base 2'-deoxyguanosine (2-dG) . Therefore, the ratio 8-OHdG/2-dG could assess the oxidative damage to the DNA independently of the efficacy of the DNA repairing mechanisms [14] .
However, our results did not show any significant differences, regarding tyrosine nitration Although previous studies have observed an increase in 3-NO 2 -Tyr and other protein product levels in AD plasma and CSF samples, our data did not corroborate these previous results [15, 28] . This might be due to the fact of using urine samples and that the nitration product levels are below the limit of detection. Similarly, it may occur for 3-Cl-Tyr. As regarding the protein oxidation products, the levels of o-Tyr and m-Tyr in urine were similar between the two participant groups. Therefore, our study showed that elevated oxidative products were associated with AD and demonstrated that these products could be measured in urine. Specifically, the levels of 8-OHdG and the 8-OHdG/2-dG might be used as potential biomarkers of oxidative damage to DNA for early AD diagnosis from peripheral samples. Actually, these new biomarkers could show diagnostic or prognostic value in AD, or they could allow advancing in the knowledge of neurodegeneration mechanisms. Regarding specificity, the biomarkers 8-OHdG and 8-OHdG/2-dG showed correlations with the standard CSF biomarkers for AD diagnosis (β-amyloid, p-tau, t-tau). Nevertheless, further studies are required to see whether these biomarkers distinguish different forms of neurodegenerative disorders (frontotemporal dementia, dementia with Lewy Bodies, vascular dementia, Parkinson's disease, multiple sclerosis, etc.).
To conclude, the main scientific finding indicated that urine from MCI-AD subjects showed higher oxidation levels than urine from control subjects. Also, the developed model that integrated the various products of protein and DNA oxidation showed in general suitable diagnostic indices constituting a useful non-invasive diagnosis tool for early AD, representing a more complete reflection of oxidation in patients with AD. Previous studies also indicated that multivariate models that included different analytes showed better accuracy in multifactorial pathologies diagnosis, such as AD [29, 30] . Nevertheless, further studies, including an external cohort of AD patients, as well as patients with other neurodegenerative diseases, in which oxidative stress could also play an important role, are required to validate these early AD diagnosis models.
Material and Methods
Study Design and Participants
The eligible participants for this prospective observational study were people between 50 and 80 years old, who suffered from MCI due to AD (MCI-AD) recruited from out-patient neurology (case group), and healthy individuals (control group). The study was carried out in the Neurology Unit of the University and Polytechnic Hospital La Fe, Valencia (Spain). The diagnosis criteria for MCI-AD in this study were based on recent revisions of the National Institute on Aging-Alzheimer's Association (NIA-AA) [31, 32] . According to this, the diagnosis in this study was based on CSF biomarkers, neuropsychological testing, and structural neuroimaging by nuclear magnetic resonance (NMR) or computerized axial tomography (CAT) applied to all participants, as in previous studies [33] .
Specifically, eligibility criteria for the case group (MCI-AD) included cognitive impairment, without impaired daily living activities, as shown by neuropsychological test (CDR, altered RBANS-DM), and with positive biomarkers for AD (neuroimaging, CSF p-tau 181, CFS β-amyloid 1-42); and for the control group, people with absence of cognitive disturbances (normal cognition and normal function as shown by complete neuropsychological testing), and with negative biomarkers for AD (neuroimaging, CSF biomarkers). Participants not accomplishing all the conditions defined for each group or with hydrocephalous, high grade of vascular sub-corticoid brain pathology, and other brain lesions (neuroimaging) were excluded. Also, patients with other known neurological impairments, or major psychiatric disorders, as well as patients with moderate to severe dementia, major sensory impairment, or an invalidating previous pathology were excluded from the study.
The neuropsychological battery used for this study consisted of neuropsychological and functional assessment (mini-mental state examination (MMSE), repeatable battery for the assessment of neuropsychological status (RBANS) with scores according to five domains (immediate memory-RBANS.IM, visuospatial/constructional-RBANS.V/C, language-RBANS.L, attention-RBANS.A, delayed memory-RBANS.DM), functionality assessment questionnaire (FAQ), clinical dementia rating (CDR)) [20] [21] [22] 34] .
The study protocol (2016/0257, November 2016) was approved by the Ethics Committee (CEIC) at the Health Research Institute La Fe (Valencia), and informed consent was obtained from all the participants. They were recruited between January 2017 and December 2017, and classified into control (n = 27) and case (n = 53) groups. The patients' characteristics are summarized in Table 1 . Creatinine was quantified in urine samples with the enzyme immunoassay (EIA) MicroVue Creatinine kit purchased from Quidel Corporation (Athens, GA, USA) and the spectrophotometer Halo Led 96 from Dynamica Scientific Ltd (Livingston, United Kingdom).
Materials and Reagents
Sample Collection and Treatment
For this study, the urine samples were collected from MCI-AD patients (n = 53) and age-related controls (n = 27), using sterile pots. They were centrifuged, aliquoted, and stored at −80 • C until they were processed. During preparation, the urine samples were thawed on ice to minimize the biological degradation of analytes. Then, they were homogenized by shaking on a Vortex mixer during 20 s and centrifuged at 4 • C and 7500 rpm (UVAT Bio, Valencia, Spain) for 10 min to remove large particles. A total of 200 µL aliquot of supernatants were acidified with 20 µL of H 2 O (0.5% v/v HCOOH), and 95 µL of the acidified samples and 5 µL of internal standard solution ((Phe-D 5 and 2dG-13C,15, N 2 , 10 µmol/L each one) were loaded on 96-well plates and analyzed randomly by an ultra-performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS) analysis.
Creatinine concentrations were determined in urine samples with the MicroVue Creatinine EIA kit following the protocol recommended. Briefly, 50 µL of the diluted samples were incubated with the color solution (from the kit) during 30 ± 2.5 min at 18-28 • C. Then, the optical density was measured at 490 nm (Halo Led 96). . Concentration ranges were determined during a pre-validation study that measured concentrations found in urine samples.
UPLC-MS/MS Analysis
UPLC-MS/MS analysis was carried out by means of the analytical method previously described by Carretero et al. [27] . The chromatographic system used consisted of a Waters Acquity UPLC-Xevo TQD system (Milford, MA, USA), and the analytical column was an Acquity UPLC HSS T3 1.8 µm (2.1 × 100 mm) also from Waters. Briefly, mobile phases A and B consisted of deionized water and ACN, respectively, both with 0.1% of formic acid. The flow rate was 0.3 mL/min, and the run time was 7 min. Analytes were determined by electrospray ionization (ESI) using multiple reaction monitoring (MRM) in positive mode. More instrumental parameters are described by Carretero et al. [35] .
Statistical Analysis
Univariate statistical analyses were performed using IBM ® SPSS ® Statistics version 20.0 (SPSS, Inc., Chicago, IL, USA). All values were expressed as a number of cases (n) and percentage (%), mean ± standard deviation (SD), or median (interquartile range, IQR). p-values of <0.05 were considered statistically significant. Mann-Whitney test was used to compare medians between 2 groups (case and control). A chi-square test was employed to compare categorical variables (percentage, n).
Multivariate analysis was carried out using the Minitab 15.1.20.0 software (Minitab, Inc., State College, Pennsylvania, USA). We constructed a multivariable regression model of partial least squares (PLS), based on the oxidative stress biomarkers levels to discriminate between healthy and MCI-AD participants that also includes age and gender. The analysis was performed with 16 independent variables (predictors) and 1 dependent variable (response). All the variables were centered, and the predictors were auto-scaled. The model was validated by cross-validation, and the predictive ability was reflected by the percentage of validation explained variance.
To evaluate the diagnostic potential of this panel of biomarkers, we constructed a receiver operating characteristic (ROC) curve and calculated the area under the curve (AUC, 95% confidence interval (CI)). The cut-off values in the prediction of AD were established as the highest sum of specificity and sensitivity for each marker in the ROC curve. Then, we calculated the diagnostic indices for the biomarker panel (sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), positive likelihood ratio (LR+), and negative likelihood ratio (LR−)). Funding: This work was supported by the Instituto de Salud Carlos III (Miguel Servet I Project (CP16/00082)) (Spanish Ministry of Economy and Competitiveness and European Regional Development Fund).
